We report the results of an investigation on stratum corneum lipids, which present the main barrier of the skin. Molecular dynamics simulations, thermal analysis and FTIR measurements were applied. The primary objective of this work was to study the effect of cholesterol on skin structure and dynamics. Two molecular models were constructed, a free fatty acid bilayer (stearic acid, palmitic acid) and a fatty acid/cholesterol mixture at a 1:1 molar ratio. Our simulations were performed at constant pressure and temperature on a nanosecond time scale. The resulting model structures were characterized by calculating surface areas per headgroup, conformational properties, atom densities and order parameters of the fatty acids. Analysis of the simulations indicates that the free fatty acid fraction of stratum corneum lipids stays in a highly ordered crystalline state at skin temperatures. The phase behavior is strongly influenced when cholesterol is added. Cholesterol smoothes the rigid phases of the fatty acids: the order of the hydrocarbon tails (mainly of the last eight bonds) is reduced, the area per molecule becomes larger, the fraction of trans dihedrals is lower and the hydrophobic thickness is reduced. The simulation results are in good agreement with our experimental data from FTIR analysis and NIR-FT Raman spectroscopy. ß
Introduction
The human stratum corneum (SC) is the uppermost layer of the epidermis, consisting of £attened cells, the corneocytes, embedded in a mixture of lipids. The lipids of the SC are responsible for the barrier function of the skin. They act as a two-way barrier, i.e. protecting the body from water loss and from penetration of exogenous compounds. SC lipids are arranged in broad, multilamellar sheets of organized bilayers. The bilayers consist of several di¡erent types of components, dominated by ceramides, cholesterol, and fatty acids, whereas phospholipids seem to be absent [1] . In this regard the composition of the lipid bilayers of the SC is unusual, since membrane bilayers mainly contain phospholipids.
In order to understand the complex nature of the SC lipid lamellae as well as the relationship between 0005-2736 / 01 / $^see front matter ß 2001 Elsevier Science B.V. All rights reserved. PII: S 0 0 0 5 -2 7 3 6 ( 0 1 ) 0 0 2 7 0 -X molecular composition and functionality, there have been many experimental investigations using smalland wide-angle X-ray di¡raction [2, 3] , electron microscopy [4] , infrared (IR) spectroscopy [5] , nuclear magnetic resonance (NMR) techniques [6] , and atomic force microscopy [7] . However, the results of these techniques, while being used very successfully to provide detailed atomic insights into protein structures, are often di¤cult to interpret in the case of lipid layers. This is due to the heterogeneity and semi£uid character of lipid layers under physiological conditions.
Molecular dynamics (MD) simulations o¡er a tool to obtain an atomic scale picture of membrane structures that may assist the interpretation of experimental results. They have been used very successfully in recent years to study biomembrane systems in molecular detail (for detailed reviews see [8^10]).
We wanted to bene¢t from these studies, trying to transfer the approved methods, which have been used in the simulations of phospholipids, to SC lipids.
Skin lipids are complex mixtures of di¡erent types of molecules. There is some published work on MD simulations of mixtures. Beside the fundamental study of Egberts and Berendsen [11] on a system of sodium decanoate/decanol/water, we are aware of some recent studies in this ¢eld, one dealing with lauryl alcohol/laurate [12] , all the others dealing with the interaction of cholesterol with phospholipids [13^17] .
The present study focuses in particular on the in-£uence of cholesterol on the short chain free fatty acid fraction of SC and is part of an ongoing project to develop a model of a SC lipid bilayer that may serve in understanding experimental results concerning the functions of the di¡erent skin lipids. SC lipids are characterized by a very complex polymorphology with a plethora of chain melting transitions at di¡erent temperatures. Because the systematic construction of a`complete' mixture of this complexity is not possible, we have chosen simple models as starting points. Those simpli¢ed skin barrier models have been used very successfully in numerous experiments testing skin permeability, toxicity, and barrier perturbing e¡ects of a large variety of drugs and cosmetic formulations.
We started our calculations with the simulation of a pure fatty acid bilayer (model A). For this purpose we chose palmitic acid and stearic acid as representatives of the short chain fatty acids of the SC, since both substances are often used in experimentally investigated skin lipid models. Model B was formed by mixing the fatty acids with 50 wt% cholesterol. Model A was prepared to investigate the behavior of hydrated free fatty acids in a bilayer formation at skin temperature. Model B served us to determine the in£uence of cholesterol on a number of bilayer properties: areas per headgroup, conformations of the side chains (trans fraction), conformational order parameters (deuterium order parameters, S CD ), hydrocarbon thickness, and densities. IR and Raman spectroscopy were employed to study chain melting and chain packing interactions of congruent mixtures. Simulation data were compared to the results of these experiments. We wish to emphasize that the goal of the present work was not to search for detailed quantitative descriptions of our model systems. The main reason for this was the lack of accurate experimental data on analogous mixtures on which our simulation results could be ¢tted. Rather it was our intention to provide a prediction of the overall qualitative properties of the skin lipid model systems.
Materials and methods

Initial structures
Molecule building was done with the aid of the program SYBYL6.4 (Tripos Inc., 1699 South Hanley Rd., St. Louis, MO 63144, USA). Starting from the crystal coordinates of stearic acid [18] , we used the space group operations and the lattice transformations of the crystal to generate a monolayer of 141 fatty acid molecules. The molecules in the X-ray crystal structure are tilted and exhibit strong hydrogen bonds among the headgroups. We adjusted the coordinates so that all hydrocarbon chains were perpendicular to the layer plane and all of the polar headgroups were in the same plane to disrupt the crystal headgroup packing in order to save computational time. Two monolayers were used to construct a bilayer consisting of 282 molecules. 136 randomly chosen stearic acids (68 in each monolayer) were changed to palmitic acid by removing the last two carbon atoms in the chain.
The fatty acids bilayer (model A) was transformed into model B by exchanging 112 ( = about 50 wt%) of the free fatty acids randomly for cholesterol.
The models were put into rectangular boxes, with the z plane de¢ning the direction of the bilayer normal. The boxes were then enlarged on both tops to receive water caps. The water content of SC is reported to be very low (about 10 wt%) [19] . Simulations with a number of water molecules according to this value gave unstable runs, since the very small hydration level of about 2.5 water molecules per fatty acid led to insu¤cient solvation of the headgroups in the boundary region. Thus we increased the water content to 26 wt%: 
Force ¢eld
Standard parameters of the GROMOS87 force ¢eld [20] were used with increased repulsion between water oxygen and carbon. Explicit atoms and hydrogens were used for all polar groups, whereas united atoms were used for the hydrocarbons. For the CH 2 and CH 3 groups of the fatty acids the RyckaertB ellemans potentials were applied, which appear to be well suited for membrane simulations, since they yielded experimentally observed trans/gauche ratios for hydrocarbon chains in phospholipids [21] . For water we employed the SPC model. Both the bond lengths and the bond angles in the water molecules were constrained by the SETTLE algorithm [22] .
Electrostatics and cuto¡ corrections
Point charges for the polar headgroups were derived from adequate GROMOS topology blocks. In human skin a pH gradient is found, reaching from pH 7 in the innermost SC layers to a pH of about 5 on the SC surface. Thus moving outwards, across the SC, the degree of ionization will drop from 90% to less than 10% at pH 5 [23] . Since we are interested in the SC surface, we used neutral fatty acids and no corresponding soaps in the present study.
A group based twin range cuto¡ of 1 nm/1.8 nm was applied. Up to 1 nm all atom pair interactions were calculated, between 1 nm and 1.8 nm only electrostatic interactions were taken into account.
Simulation conditions
All simulations were done with GROMACS [24] The initial molecular geometry of the bilayers together with the water caps was ¢rst optimized with a conjugate gradient method. Periodic boundary conditions were applied in all three dimensions, so that actually a multilamellar system was represented, similar to that found in the SC.
Simulations were performed with weak coupling to a bath of constant temperature, with a coupling time d = 0.1 ps. Fatty acids, cholesterol, and water molecules were coupled individually to the heat bath. Isotropic pressure coupling was applied with a coupling constant d = 0.1 ps at 1 bar. A time step of 1 fs was used without any constraints on the molecules.
It is well known that membrane simulations starting with phospholipids in the well ordered and closely packed crystal lattice can require very long equilibration times and reminiscences of the primary ordering can be still seen in the ¢nal structures even with simulations up to several hundreds of picoseconds at physiological temperatures, a ¢nding that agrees well with our own simulation experience on model A. Thus we used a simulated annealing procedure to disrupt the crystal packing of model A during the high temperature phase followed by a cooling down to skin temperature thus allowing the system to adjust its volume and shape and to ¢nd its adequate size.
First a 200 ps MD run was performed at 350 K, a temperature which is above the melting temperature of palmitic acid (63³C) and stearic acid (69.6³C). Then the temperature was gradually lowered to 303 K. After this temperature was reached, simulations were carried out at constant temperature for several nanoseconds. The initial structure of model B was constructed from a gel phase ensemble taken from the simulation of model A at 350 K.
Preparation of model mixtures
Fatty acids and, if indicated, cholesterol (all from Sigma Chemie, Deisenhofen, Germany) were mixed with distilled water, heated to 70³C in a glass beaker and stored at this temperature for 2 days to reach equilibrium. Then the samples were cooled to room temperature and stored for at least another 2 days.
Fourier transform infrared (FTIR) data
The model mixtures were melted at 323 K, pressed between Si/KBr plates and ¢lled into an electrical heating cuvette (Perkin Elmer). At 300 K, 310 K, and 333 K IR spectra were taken. The spectra were acquired with a Bruker IFS88 spectrometer equipped with a DTGS detector (Bruker, Karlsruhe, Germany). The IR spectra were collected from 32 interferograms at 2 cm 13 resolution. Accuracy of the temperature control is about þ 5³C. The mentioned frequencies are mean values of two measurements.
Near infrared Fourier transform (NIR-FT)
Raman spectroscopy
The Raman measurements were made with the Bruker (Karlsruhe, Germany) Raman spectrometer RFS 100. The 1064 nm line with 300 mW from a Nd:YAG laser was used as the excitation source. A liquid nitrogen cooled Ge detector was used.
Results
Area per molecule and trans fraction
The surface area per molecule is represented by the cross-sectional area available to each molecule at the bilayer^water interface. It was calculated by dividing the xy surface area of the simulation box by the number of molecules in one layer.
In Fig. 3a we show the average area per fatty acid of model A as a function of time. During the 200 ps high temperature run, the area per headgroup increased from 20 A î 2 to 24 A î 2 because the initial highly ordered crystal arrangement is destroyed. Connected with this a disordering within the alkyl chains begins indicated by the formation of gauche conformers, as can be seen from the run of the trans fraction in Fig. 3b . The number of trans bonds decreased to a value of about 80%. When the system is cooled down to skin temperature (303 K), the fatty acids start to rearrange into an ordered ensemble again. The area per headgroup moves continuously to smaller values and the trans fraction increases again. This process had not reached equilibrium after 2600 ps, but since the tendency can be seen very clearly, we stopped the simulation at the point where the trans fraction achieved 0.95 again and the area per headgroup obtained a value of 22 A î 2 . The structural changes of model A during the simulation can be seen nicely from Fig. 4a ,b, which shows a crosssection through the bilayer at two di¡erent time steps (200 and 2600 ps). Starting from fully extended crystalline hydrocarbon chains, which were arranged perpendicularly, the bilayer reached a premelting phase during the high temperature run (Fig. 4a ). Cooling down results in highly ordered chains again, which now exhibit a strong tilt to the bilayer plane (Fig.  4b ), a formation that looks similar to a L L P gel phase in which the polar head groups are disordered but the mostly all-trans chains are packed regularly in a tilted manner.
The resulting molecular arrangement of model B is presented in Fig. 4c,d . It is seen that the hydrocarbon chains are partly disordered. These chains have a substantial gradient away from the bilayer normal, but in contrast to Fig. 4b there is no collective tilt of the whole assembly of chains. Fig. 5a shows the time dependent development of the average area per molecule in model B and Fig. 5b the corresponding trans fraction of the alkyl chains. Since in the starting structure of model B the fatty acids are already in premelting conformations, no high temperature run was necessary. The total simulation was performed at 303 K. From the start, the trans fraction oscillates around 0.8 and converges to a value of 0.81 for the last 500 ps. No upward tendency can be seen, a result which is quite in contrast to model A. Thus, the results suggest that when the fatty acids are mixed with cholesterol, they reach a stable conformational state during the simulation time. To characterize that state we wanted to compare our trans fractions with data from investigations on dipalmitoylphosphatidylcholine (DPPC), one of the most studied lipids. Experimental results for the liquid crystalline L K phase of DPPC demonstrate trans fractions of 0.76^0.6, depending on the method used [25^27]. For the L L phase a trans fraction of above 0.9 has been derived from Raman measurements as well as from MD simulations [15, 27] . Thus the trans fraction in our model B simulation lies between the values of a gel and a liquid crystalline phase.
The time evolution of the average surface area per molecule converged very rapidly in model B as can be seen from Fig. 5a . During the ¢rst simulation steps the surface area decreased, since the placement of the cholesterol molecules led to a somewhat loose starting arrangement. After V50 ps the surface area had dropped to a value of about 29 A î 2 and it remained stable for the remaining run.
In model A we obtained an area per fatty acid molecule of V24 A î 2 when the trans fraction reached 80%. Assuming that the area per fatty acid has not changed in model B, since the trans fraction is likewise 80%, we get an estimate for the area per cholesterol molecule by subtracting from the total area per monolayer the total average area occupied by the fatty acid molecules (141U24) and dividing the difference by the number of cholesterols per monolayer. We calculate an average surface area of 35 A î 2 for the cholesterol in model B. This value is 4 A î 2 smaller than the value obtained by Hyslop et al. [28] in a cholesterol monolayer and 2.5 A î 2 larger than the values MD calculations which we performed on a pure cholesterol bilayer resulted in an area per cholesterol of 37 A î 2 . We interpret the divergence in the overall data as follows: in pure cholesterol ensembles, the rigid molecules exhibit highly hindered motions which do not allow much closer contact than in a crystal (about 39 A î 2 ). When single cholesterol molecules are surrounded by £exible and pliant hydrocarbon chains a much closer arrangement is possible, reducing the surface area to smaller values (e.g. down to 32 A î 2 ). Thus a value of V35 A î 2 for our model B seems to be reasonable, since not all cholesterol molecules are isolated and cholesterol^cholesterol contacts are to be found in the ensemble.
Deuterium order parameter (S CD )
Order parameters characterize the orientational order of the hydrocarbon chains and can be measured using the NMR technique. In MD simulations the deuterium order parameter (S CD ) can be calculated for each carbon in a chain using the following expression [11] :
where 3 is the angle between the ith molecular axis and the bilayer normal (z axis). Fig. 6 shows the calculated S CD values of the palmitic acids in models A and B. The curves are plotted as a function of the carbon position along the chain (the carbon atom next to the carbonyl group is designated number 1, the terminal methyl group is not calculated).
Let us ¢rst examine the order parameter pro¢le of model A at the end of the high temperature run. The S CD values remain practically constant along the central region (carbons 4^8) and drop slightly towards the beginning and the end of the carbon tail. The increased order of the alkyl chains, which occurred when the temperature was reduced to skin values, can be clearly seen from the pro¢le which results from the end of the simulation. All carbon atoms now exhibit very similar order parameters. In spite of the increased conformational order within the chains, the average S CD values have decreased (from 0.29 to 0.25). This just re£ects the fact that the hydrocarbon chains are now tilted and their overall orientation is no longer parallel to the bilayer normal.
The experimental studies available for comparable fatty acids o¡er average S CD values of soaps ranging from 0.19 to 0.14 at room temperature [29] . Soaps, due to their strong headgroup repulsion and hydration, need larger areas per molecule than neutral fatty acids. This obviously leads to a looser molecular packing in the hydrocarbon region and an increased conformational £exibility of the chains as can be seen from the low average S CD values. The third pro¢le in Fig. 6 demonstrates the e¡ect of cholesterol on the alkyl chains. As can be seen, in£uences on the order of the palmitic acids are not uniform along the hydrocarbon chains. There is little e¡ect on the order parameters of the ¢rst carbon atoms, these values are only slightly higher in model B than in model A. The pro¢le shows only a small plateau region extending over carbon atoms 3^6, after which the values drop signi¢cantly towards the end of the chains. It is apparent from the data that cholesterol induces a strong decrease in conformational order at the tail ends of the fatty acids, thus producing an order pro¢le with the general features observed for phospholipid bilayers in the liquid crystalline phase (a plateau region near the carbonyls, followed by a decrease in order to near zero at the terminal methyl). The average S CD values of both models do not di¡er so much (0.29/0.25 for model A and 0.26 for model B), whereas the appearance of the pro¢les is well de¢ned. The experimentally well known e¡ect of cholesterol to disorder lipid chains in gel phase bilayers can be clearly seen from the order parameters. In order to have a closer look at this e¡ect, we present a representative set of molecules extracted from our simulations in Fig. 7 . It is clear from the picture why cholesterol has such a profound e¡ect on the conformation of the alkyl chains at the tail ends. For fatty acids neighboring cholesterol, the upper half of the chains is in contact with the rigid steroid ring, which reduces the conformational freedom, whereas the lower part is mainly in contact with the skinnier and more £exible cholesterol tail, which allows kinks in that part of the chains. 
Hydrocarbon thickness and density
Looking at Fig. 4 again, an additional observation can be made: it is visually apparent from comparison of the ensembles that the thickness of the alkyl chain area along the bilayer normal is di¡erent in the two models. These ¢ndings are complemented by atom density calculations shown in Fig. 8 . All pro¢les show a characteristic minimum in the center of the bilayer and a maximum in the middle of each monolayer. We can see that di¡erences among the model A data plotted from the beginning and the end of the 303 K run are very small. The addition of cholesterol in model B results in a spreading and an increase of the density peaks. Thus the thickness of the hydrocarbon area is decreased and the atom density is increased through the presence of cholesterol.
We have calculated the thickness of the hydrocarbon region (H) in the bilayer with the formula [30] :
where Gf denotes averaging over simulation time, Z(C carb ) is the z coordinate of the carbonyl carbon atom. Z is calculated by averaging all carbonyl carbon atoms in one monolayer. Z 1 is for the ¢rst monolayer and Z 2 for its opposing monolayer. Using this formula we get H = 36.2 for model A for the ¢rst 50 ps of the 303 K run and H = 35.0 for the last 50 ps. The decrease in H clearly is due to the collective tilt of the chains which had occurred at the end of the simulation. The calculated hydrocarbon thickness for model B is H = 33.1. Thus cholesterol leads to a reduction of the bilayer thickness in our simulations. As we have already seen, this e¡ect can be explained by an increased number of gauche conformations and a decreased chain order which allows the fatty acids to bend around the cholesterol molecules and which subsequently leads to an decrease in bilayer width.
Experimental results on model SC mixtures
The MD simulation study reveals a strong in£uence of cholesterol on the trans/gauche fraction and order parameters of the alkyl chains of the fatty acids. Therefore, we decided to compare the theoretical results with experimental data from FTIR analysis of mixtures A and B, to detect phase change behavior. The exact frequency positions of the CH 2 stretching vibrations in the range from 2950 cm 31 to 2800 cm 31 change sensitively with the fraction of trans/gauche conformations in the alkyl chains of the fatty acids. An increasing gauche fraction results in a shift to higher wavenumbers.
In addition, we investigated both mixtures by NIR-FT Raman spectroscopy to get experimental insights into the conformational order of the alkyl chains as a function of temperature. From the ratio of the band heights for the symmetric CH stretching modes at 2890 cm 1 and 2850 cm 1 the order parameter for the lateral interaction S lat is calculated [31] :
S lat indicates the packing order of the alkyl chains. It changes from 0 for the liquid state to 1 for the crystalline state. The resulting data are shown in Table 1 . By increasing the temperature from 300 to 333 K, the symmetrical CH 2 stretching frequency of model A compounds is shifted from 2848.1 cm 31 to the slightly higher value of 2848.6 cm 31 , indicating a higher fraction of gauche conformations. It is remarkable that the same frequency (2848.6 cm 31 ) is already obtained at 300 K, when cholesterol is added to the pure fatty acids (model B).
This £uidizing e¡ect of cholesterol is also observed from the Raman spectra. The evaluation of the lateral order parameter S lat shows a distinct reduction in lipid packing order for model B compared to the pure fatty acid mixture. It can be seen from Table 1 , that the S lat values of mixture A decrease only slightly from 0.66 to 0.59 during the temperature increase. In contrast, mixture B has smaller values and there is a signi¢cant di¡erence between the values: the temperature increase from 300 K to 318 K reduces the S lat value from 0.40 to 0.16.
It is interesting to compare these experimental in vitro results from model mixtures to real human lipid mixtures from ex vivo skin biopsies. Gay et al. [32] found that human SC lipids change their CH 2 stretching frequency from 2849.7 cm 31 to only 2850.8 cm 31 in the temperature range from 298 K to 333 K. This correlates well with the small frequency shift seen in the fatty acid/cholesterol/water mixture of model B. Even the absolute wavenumbers are close together.
Discussion
The behavior of the fatty acids in the MD simulations is in good agreement with the experimental data from our laboratory as well as from the literature. Neubert et al. [33] carried out FT Raman analyses of the melting behavior of stearic acid and found that in a double layered subcell the highly ordered all-trans structure of the alkyl chains was present up to about 5³C below the melting point. Between 65³C and the melting point gauche bonds appeared among trans sequences. On melting the lamellar arrangement disappeared and the resulting structure was a random mixture of gauche and trans bonds. Bearing these results in mind we interpret our simulation data as follows: within the 200 ps run at 350 K the fatty acids reach the premelting phase, the area per molecule and the number of gauche bonds increase by 20%. Cooling after 200 ps to skin temperature stops the melting and the fatty acids slowly revert to a highly ordered state.
The well ordered arrangement of the pure fatty acids is shifted to less rigid conformations when cholesterol is added. This £uidizing e¡ect of cholesterol is well known and can also be recognized from our experimental data. But we should note that the chains are not fully £uidized (in contrast to liquid crystalline membrane bilayers), because the resulting trans fraction of 0.8 is too low to indicate an L K phase. Experiments done on SC lipids showed similar results. The authors found in SC lipids at skin temperature orthorhombic phases with alkyl chains in the predominantly all-trans conformation when no cholesterol was present and hexagonal phases as well as gauche alkyl conformations when cholesterol was added [5, 33, 34] .
It should be pointed out that our choice of a random cholesterol distribution among the fatty acids is only one of several possibilities. Chong et al. [35] have suggested a maximum separation of steroid molecules in phosphatidylcholine bilayers. Smondyrev et al. [16] have compared regular cholesterol arrays and cholesterol rich stripes in their MD studies on DPPC/cholesterol mixtures and found di¡erences in equilibration time and stability of the bilayer models. However, we do not have any experimental data concerning an ideal distribution of cholesterol molecules in skin lipids. Thus a random initial distribution was chosen, since we did not want to in- troduce an arti¢cial order which would obey particular rules, making the results more complex.
Conclusions
We have applied MD simulations to obtain a picture of skin lipid model systems on a molecular level. Two models, consisting of hydrated palmitic acid/ stearic acid (as representatives of the skin fatty acid fraction) and palmitic acid/stearic acid/cholesterol in equimolar portions, were investigated. The aim of our study was to gain more understanding of the role of cholesterol in SC. From the simulations we obtained a picture of the phase behavior of the fatty acid fraction in the presence and in the absence of cholesterol. The fatty acids stayed at skin temperature in a highly ordered phase, as can be seen directly from the molecular structures and from the trans fraction, the area per headgroup, and the order parameters. This is in accordance with numerous investigations, where the results have shown that the SC lipids, in contrast to phospholipid membranes, are not arranged as homogeneous £uid layers, since solid phase domains are present. However, this phase behavior can be smoothed by cholesterol. This well known increase of lipid chain mobility at temperatures below the chain melting transition is adequately reproduced by our simulations: the trans fraction and order parameters are decreased and the hydrophobic thickness is reduced. Our MD analysis demonstrates how cholesterol introduces a large number of gauche conformers in the fatty acids: the alkyl chains show a strong decrease in conformational order of those atoms adjacent to the cholesterol tails. The parameters which can be calculated from the theoretical work are in good qualitative agreement with the experimental results. The results of this study provide the con¢dence to extend our SC lipid model for further MD studies on the role of ceramides.
